Primate eyes display considerable oblique off-axis astigmatism which could provide information on the sign of defocus that is needed for emmetropization. The pattern of peripheral astigmatism is not known in the chicken eye, a common model of myopia. Peripheral astigmatism was mapped out over the horizontal visual field in three chickens, 43 days old, and in three near emmetropic human subjects, average age 34.7 years, using infrared photoretinoscopy. There were no differences in astigmatism between humans and chickens in the central visual field (chicks À0.35D, humans À0.65D, n.s.) but large differences in the periphery (i.e. astigmatism at 40°in the temporal visual field: humans À4.21D, chicks À0.63D, p < 0.001, unpaired t-test). The lack of peripheral astigmatism in chicks was not due to differences in corneal shape. Perhaps related to their superior peripheral optics, we found that chickens had excellent visual performance also in the far periphery. Using an automated optokinetic nystagmus paradigm, no difference was observed in spatial visual performance with vision restricted to either the central 67°of the visual field or to the periphery beyond 67°. Accommodation was elicited by stimuli presented far out in the visual field. Transscleral images of single infrared LEDs showed no sign of peripheral astigmatism. The chick may be the first terrestrial vertebrate described to lack oblique astigmatism. Since corneal shape cannot account for the difference in astigmatism in humans and chicks, it must trace back to the design of the crystalline lens. The lack of peripheral astigmatism in chicks also excludes a role in emmetropization.
Introduction
Newborns tend to be hyperopic with highly variable refractive errors but the process of emmetropization reduces the variability over time so that most of the children are close to emmetropia at the age of 6 years (Schaeffel, Mathis, & Bruggemann, 2007) . Experimental work in animal models has shown that emmetropization is largely controlled by the retina (Wallman & Winawer, 2004) . The retina can detect image defocus, including its sign, at each position in the visual field and releases biochemical messengers to adjust the growth rates in the posterior part of the globe such that a close match is achieved between retinal shape and the shape of the image shell (Diether & Schaeffel, 1997; Miles & Wallman, 1990) . It was demonstrated also in rhesus monkeys that eye shape is adjusted during development to match the image shell. Local myopia can be induced when only parts of the visual field are defocused by hemifield lenses (Smith et al., 2010) . Emmetropization can generate irregular eye shapes if defocus is imposed selectively in local retinal areas . Emmetropization may also involve reduction of astigmatism (Kisilak et al., 2008, Chu, Kee and Guggenheim, personal communication 2014) although it is not clear how messengers released from the retina can adjust the sphericity of the cornea and lens. At least, astigmatic accommodation was ruled out as a mechanism for later permanent changes in corneal or lenticular astigmatism (Thomas & Schaeffel, 2000) .
The retinal image processing underlying the detection of defocus and its sign is largely unknown (Wallman & Winawer, 2004) . There were numerous attempts to identify visual cues that provide the retina with information about the sign of defocus. Longitudinal chromatic aberration was extensively studied (Schaeffel & Howland, 1991; Wildsoet et al., 1993) , but it is clear that chromatic cues are at least not obligatory although they may interact with emmetropization (Rucker, 2013; Rucker & Wallman, 2009 , 2012 . Higher order aberrations could provide a sign of defocus-related cues (Wilson, Decker, & Roorda, 2002) but there is no convincing evidence that they are used during emmetropization (Wallman & Winawer, 2004) . Interestingly, imposing high amounts of astigmatism by cross-cylinder spectacle lenses had little effect on emmetropization to spherical refractive errors in chickens (McLean & Wallman, 2003) . Some amount of on-axis astigmatism is present in almost all vertebrate eyes and high amounts of oblique astigmatism were also found in other terrestrial vertebrate eyes (Schaeffel et al., 1994) . Oblique astigmatism could therefore provide a cue about the sign of spherical defocus since either its tangential or radial axis is in better focus, depending on spherical refractive error. The peripheral retina controls the growth of the globe in the periphery of the visual field and plays an important role in emmetropization also in foveate animals, like rhesus monkeys (Smith et al., 2005) , because the foveal position along the optical axis cannot be independent from the growth of the globe in the periphery. Therefore, Howland proposed such a role of oblique astigmatism (Howland, Proceedings of the 13th International Myopia Conference 2010; further discussed by Charman, 2011) . In human eyes, its magnitude was described by a parabolic function (astigmatism relative to the pupil axis = 0.00328 * angle 2 ; Howland, 2010). However, the pattern of peripheral astigmatism has not yet been studied in the chicken eye. While humans have their best visual acuity in a small region of the retina with a diameter of less than a degree of visual angle, chickens have an area centralis which extends over several degrees, with only a moderate decline in ganglion cell density toward the periphery of the visual field (Ehrlich, 1981; Morris, 1977) . Since little is known about spatial visual performance in the periphery, we used an automated optokinetic paradigm to study this question as well. We also tested whether accommodation can be elicited in chicks by presenting a target far out at the margins of the visual field and analyzed peripheral transscleral images in excised eyes to evaluate peripheral image quality.
Methods

Animals
Experiments were conducted in agreement with the ARVO statement for the use of Animals in Ophthalmic and Vision Research and approved by the Commission for Animal Welfare of the Medical Faculty of the University of Tuebingen. White leghorn chicks (Gallus domesticus) were obtained from a local hatchery (Weiss, Kirchberg, Germany) 1 day after hatching and were raised in groups in large cages in the animal facilities of the institute at a 12 h light/dark cycle. Room temperature was kept at 30°C during the first week post-hatching and at 28°C afterwards. Water and food were supplied ad libitum. Table 1 gives numbers and ages of chicks used in the different experiments. The measurements were approved by the University committee for animal welfare.
Experimental procedures
Measurement of central and peripheral astigmatism in humans
Refractions over the horizontal visual field were measured with a custom-built ''scanning photorefractor'' as described by Tabernero and Schaeffel (2009) in three near emmetropic young subjects (spherical equivalent between À0.5 and +0.5D, astigmatism <0.5D as measured by subjective refraction by a certified optometrist; average age 34.7 years). In short, photorefraction was performed using a hot mirror that was controlled by two stepping motors such that the camera imaged the eye at a stationary position but from different angles, ranging from À50°to +50°over the central horizontal visual field. One scan took about 3 s. With a video camera frame rate of 62 Hz, the angular resolution was about 1°. The refractor first scanned the refractions in the vertical pupil meridian and, on its way back, the refractions in the horizontal meridian, by switching the orientation of the IR-LED array of the photoretinoscope. During this procedure, it has to be taken into account that the number of pixels that determines the slope of the brightness profile in the pupil is compressed when measuring from an off-axis position. A correction was therefore made by multiplying the slope with the cosine of the angle of measurement (also below, in the measurements in chickens). Refractions were previously calibrated with trial lenses as described by (Schaeffel, Wilhelm, & Zrenner, 1993) . Accommodation was controlled by asking the subjects to fixate a target in primary gaze position at one meter distance. The difference between the refractions in the horizontal and vertical meridian was taken as a measure of astigmatism although it is clear that full measurements of astigmatism (sphere, cylinder and axis) requires at least 3 LED segments in the photoretinoscope at different angular positions (Choi et al., 2000) . Because we were interested mainly in oblique astigmatism which dominates the periphery and adopts a cylinder axis around 0°in negative cylinder convention, exact measurements of the cylinder axis were not important. The negative cylinder convention was used in all cases. The measurements in human subjects were approved by the Ethics Commission of the University of Tuebingen. They were carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) and informed consent was obtained for experimentation with human subjects.
Measurement of astigmatism in chicks
Three chicks were trained to accept that the operator turned their heads by moving their beaks. The advantage of this trained procedure was that chicks did not close their eyes. Their heads could be rotated in all directions and videos were recorded of the pupils, showing the different brightness profiles that occur during eccentric photorefraction. Photorefraction has been previously calibrated in chickens with trial lenses (Seidemann & Schaeffel, 2002) . As above, in the case of refractions of human eyes, the photoretinoscope was oriented either horizontally or vertically and the differences in the measured refractions were taken as a measure of off-axis astigmatism. In total, 22,000 video frames were analyzed. Pupil center, first Purkinje image, and brightness slope were determined frame by frame, using a custom developed macro for ImageJ (US National Institute of Health, Bethesda, Maryland, http://imagej. nih.gov/ij/). Accommodation can be excluded as a confounding factor during our measurements since it is clearly visible as a rapid change in the light distribution in the pupil (flipping over from a bright light crescent in the top to one in the bottom, see Fig. 7A for an example). Chicks accommodate with a speed of about 80D/s and they never display sustained accommodation. Also, there were just too many data collected (>22,000, see above) that a single short accommodation ''pulse'' could have affected the measurements.
Measurement of the orientation of the eye
The angle of orientation of an eye can be determined from the positions of the first Purkinje image relative to the pupil center, given that the Hirschberg ratio (HQ) is known ( = degree of rotation per millimeter displacement of the first Purkinje image). In humans, the HQ is about 12 deg/mm (Barry, 1999; Brodie, 1992 ; Schaeffel, 2002) . To determine the HQ for the chicken eye, seven eyes were enucleated at different ages of the chicks between 7 and 43 days and placed on a rotatable table with an angular scale. Two infrared LEDs positioned at a visual angle of 12.6°in the horizontal plane generated two corneal reflections. Their distance was measured in a highly magnified video image using an infrared-sensitive video camera (DMK 22AUC03, The Imaging Source Europe GmbH, Bremen, Germany). The HQ was determined every week until the age of 43 days. It declined linearly with age according to the regression HQ = À0.34 * days + 36.35. Accordingly, the HQ was 33.7 deg/mm at the age of 8 days and declined to 21.6 deg/ mm at the age of 43 days, when the measurements of astigmatism over the horizontal visual field were done.
Measurements of horizontal corneal shape in humans and chickens
Since the cornea is the ocular surface with the highest refractive power, small changes in shape have large effects on spherical refractions and astigmatism. In particular, small deviations from perfect sphericity cause large amounts of refractive astigmatism. Shapes of human and chicken corneas were compared in the horizontal meridian. Photographs were taken from the top of the eye of alert chickens ( Fig. 1A ) and from below in humans (Fig. 1B) . The shapes of the surfaces were analyzed in ImageJ, using a function that detects and stores the edge coordinates. Sixteen data sets of edge pixel coordinates, obtained from six animals were imported to Matlab (MATLAB 8.2, The MathWorks Inc., Natick, Massachusetts, United States) and fitted with a second order polynomial. The resulting functions were scaled to the same pixel magnification as the human corneal profile, using the ratio of axial lengths in humans and chickens (here 10/24).
We estimated the potential distortions that could arise when corneal contours were measured from a camera positions that were not exactly perpendicular to the pupil axis. Corneal contours were measured in two freshly enucleated eye balls of a 17 day old chicken while the pupil axis of the eye ball was tilted in steps of 7°f rom À22°to +22°, using a rotatable holder. After scaling the chicken cornea to the human eye size (in a 17 day old chick with an axial length of 9.0 mm a factor of 9.0/24), the corneal contours measured under the different angles remained very similar to those measured in human eyes for all tested orientations of the globe (data not shown).
Evaluation of spatial visual performance in chickens in the center and in the periphery
Both eyes were covered with flat clear plastic foils which were glued to Velcro fasteners, similar to spectacle lenses used in previous studies ). Three conditions were tested: (1) eyes uncovered, (2) eyes covered with a clear plastic foil that left the central 67°unobstructed but blocked vision in the periphery by printing the respective areas of the foil black and (3) eyes covered with a plastic foil that was clear in the periphery from 67°to 92°but printed black in the center (Fig. 2) . The retinal regions occluded by the black paint were matched in area in conditions (2) and (3). It should be noted that these calculated angles are approximate. Visual field restrictions by partial occluders are dependent on a variety of factors like the vertex distances, the position of the posterior nodal point that was used for calculation but may change with visual angle, eye movements of the chicken, and the fact that the velcro rings can only be attached with some variability. It is also clear that retinal illuminance falls gradually off and not abruptly as the partial occluders will gradually cover the pupil area in the periphery of the visual field.
Condition (1) was used to determine the baseline optokinetic nystagmus (OKN) of the chickens in an optomotor drum with a diameter of 66 cm and 48 cm of height. Chicks were individually placed in the center of the drum and their head nystagmus was automatically tracked by real-time video image processing as described earlier (Diether, Gekeler, & Schaeffel, 2001) . Drifting stripes were projected on the interior wall of the drum, using a cylinder with slit-shaped vertical openings that rotated around a 30 cm long, cold cathode fluorescent lamp (12 V, 470 mA, LED-TECH.DE optoelectronics GmbH, Moers, Germany). Spatial frequency was 0.86 cyc/deg, angular speed 39 deg/s, average luminance on the wall about 10 cd/m 2 and Michelson contrast was 0.17
as measured with a calibrated photocell (United Detector Technologies) in a similar set-up used by Diether and Schaeffel (1999) . Both directions of stripe movements were tested. The ratio of angular head speed to stripe speed during the smooth pursuit head movements was previously shown to provide a measure of contrast sensitivity and is referred to as ''OKN gain'' below (Diether & Schaeffel, 1999) .
Evaluation of peripheral accommodation in chicks
Accommodation was measured on-axis by infrared photoretinoscopy as previously described (Seidemann & Schaeffel, 2002) . To evaluate the possibility of peripherally driven accommodation, the central 67°of the visual field were covered by an infrared light transmitting filter as shown in Fig. 2 and a visual target was presented in the far periphery of the temporal visual field, beyond 67°off-axis, or in the far periphery of the nasal visual field. The target was a small pair of scissors, known to capture the attention of the chicks. It was presented at a distance of about 10 cm.
Measurements in transscleral images to evaluate oblique astigmatism
Eyes of birds and reptiles are mechanically stabilized by a ring of scleral ossicles which makes it possible to generate stable retinal images ex vivo in the excised eyes (Ott & Schaeffel, 1995; Schaeffel, Glasser, & Howland, 1988) . Left eyes of two chicks, 21 days old, were enucleated after the chicks were sacrificed by an overdose of ethyl ether. The images of four infrared LEDs positioned at a distance of 506 mm from the eye with a distance of 39 mm from each other were visualized from behind through the sclera. The procedure was described in and Ott and Schaeffel (1995) . To calculate retinal image magnification, only the angle subtended by the light sources must be known (angle = atn(39/506) = 4.4°) and the linear distance of the images Fig. 1 . Samples of photographs taken to determine corneal shape in the horizontal meridian in a chicken (A) and a human eye (B). The corneal contour could be inferred from these photographs and the equation of the parabola providing the best fit through the contour data.
on the retina that was measured in the transscleral images. Retinal image magnification [lm/deg] is the linear distance [lm] of two light spots divided by their subtended angle. An infrared sensitive video camera (DMK 21AU04, The Imaging Source Europe GmbH, Bremen, Germany) was used and equipped with a f/1.4, 75 mm focal length lens (Pentax TV lens) to achieve high pixel magnification. Eyes could be turned around the vertical axis by a rotatable holder with an angular scale (Fig. 3) .
Statistical analyses
If not stated differently, data were tested with unpaired twosided t-tests using JMP (JMP Ò , Version 11.2. SAS Institute Inc., Cary, NC, 1989 -2014 . Significance levels were ⁄ p < 0.05, ⁄⁄ p < 0.01, ⁄⁄⁄ p < 0.001.
Results
Oblique astigmatism in humans and chickens
Similar to previous descriptions by Howland, who found an increase of astigmatism in the periphery of the human eye that was described by the parabola 0.00328 * visual angle 2 , we found astigmatism increased to the periphery as 0.0022 * visual angle 2 -0.0245 * visual angle + 1.5886 in our subjects. Accordingly, subjects reached about 6D of oblique astigmatism at 40°in the temporal visual field and about 4D at 40°in the nasal visual field. The asymmetry originates from the displacement of the fovea into the temporal retina by the angle kappa. In chickens, the pattern was different (Fig. 4) . In the center, no difference in the magnitude of astigmatism between humans and chickens was evident. Fig. 2 . Clear plastic foils with black areas printed with a laser printer were used to cover either the central (A) or the peripheral (C) visual field in chickens. Example A also shows the black cardboard attached to the top of the chicken head with two white dots which were tracked by the video program to quantify head rotations during the smooth pursuit phases of the OKN. The printed areas were calculated to cover the same retinal areas, but at different eccentricities in A and C. Example B shows a clear plastic foil with a Velcro ring which was used to determine the baseline OKN response. Fig. 3 . Measurements of transscleral images in enucleated chicken eyes. Four infrared LEDs, arranged in a square (not visible here) generated four small bright light spots on the retina which could be seen through the fundal layers from behind. An infrared-sensitive USB video camera recorded these images (the eye can be seen from behind on the laptop screen). Using the rotatable holder, transscleral images could be observed over the entire visual field. Pictures were stored on the computer for offline analyses. An example of transscleral images generated by 4 infrared LEDs is shown in the lower left corner. Transscleral images of each of the LEDs were diffused by scatter in the fundal layers and had a diameter of 244.1 ± 18.6 lm.
However, at 40°in the temporal visual field, humans had on average À4.21 ± 2.39D of oblique astigmatism and chickens only À0.63 ± 0.80D (p < 0.001, unpaired t-test). At 20°in the nasal visual field, humans had À3.69 ± 1.16D of oblique astigmatism and chicks only À0.74 ± 0.44D, p < 0.001.
Comparison of corneal contours in humans and chickens
Corneal contours were determined from highly magnified pictures that were taken either from above (chicken) or from below (human). Interestingly, after scaling corneal shapes to similar eye sizes, no differences were evident (the scaling factor was the ratio of axial lengths in chickens and humans, 9.3 mm/24 mm = 0.39). A simulation in ZEMAX, performed by Gerhard Kelch from the ZEISS Vision Care Business Group (personal communication, Fig. 5 , gray dashed line) suggested that the shape of the human cornea is even closer to the ''perfect'' surface with minimal oblique astigmatism than the cornea of the chicken.
Visual performance of chickens in the center and the periphery
As a striking result of the OKN experiment the chickens showed similar responses (expressed as gain = angular head speed/angular stripe speed) when only the center of the visual field or the far periphery was exposed to the drifting stripe patterns (Fig. 6) . Furthermore, OKN did not increase any further when the stimulated area covered almost the full visual field, only limited by the Velcro fasteners in the far periphery.
Accommodation elicited by peripheral stimuli
To further evaluate the visual performance of chickens in the periphery and the center, accommodation was measured when a target was presented in the far periphery. It is known that accommodation in humans is largely elicited by the fovea (Schaeffel, Schippert, & Schmucker, 2006) but whether afoveate terrestrial animals can accommodate to peripheral stimuli has not yet been studied. As in the OKN experiment, the central 67°o f the visual field of the chicks were covered with an infrared gelatin filter, attached to a clear foil (Fig. 7B) . A fixation target was presented from the front or behind so that it could be seen only with the far peripheral nasal or temporal retina. Accommodation, as measured from behind (Fig. 7C ) or more closely to the optical axis ( Fig. 7D and E) was elicited even in this case, as can be seen by the increase in brightness in the lower pupil (white or black arrows, Fig. 7C-E) . Its amplitude did not vary from the amplitude of accommodation that was elicited when the target was presented at a similar distance (about 10 cm) in the middle of the visual field and unobstructed vision (arrow, Fig. 7A ).
Retinal image magnification and attempts to detect peripheral astigmatism in transscleral images
Transscleral images were analyzed with and without different astigmatic trial lenses placed closely in front of the cornea of excised eyes. A striking finding was that retinal image magnification declined in the periphery beyond 50°off-axis, by more than 30% at 80° (Fig. 8, bottom) , but that this change was only in the horizontal direction (Fig. 8, top) . No matter how the axes of the astigmatic trial lenses were oriented (cyc ± 6D, presented at 0°or 90°), there was no effect detected on the appearance of transscleral images or on image magnification. Transscleral images of the LEDs were diffused by scatter in the fundal layers and had a diameter of 244.1 ± 18.6 lm.
Discussion
Similar to findings by Howland (2010), we found that oblique astigmatism in humans increases as described by a parabolic function. Peripheral astigmatism was also studied by other authors who found similar amounts (i.e. Mathur & Atchison, 2013; Millodot, 1981; Rempt, Hoogerheide, & Hoogenboom, 1971) . Different from humans, we found that oblique astigmatism is lacking in chickens and retinal image quality remains good also far to the periphery of the visual field. The latter conclusion is supported by the observation that spatial vision was comparable in the center and the periphery when measured with our OKN paradigm. Peripheral vision plays a completely different role in chickens Fig. 4 . Astigmatism in humans and chickens, measured as the dioptric difference in refraction between the horizontal and vertical pupil meridian over the horizontal visual field. The grey areas reflect standard deviations from three human subjects (light gray) and three chickens (dark gray), respectively. Note that astigmatism does not increase in the periphery of the visual field in chickens but increases severely in humans and follows a parabolic function. Two fits are shown, one proposed by Howland based on his own data (black dashed line) and the other based on the current data (continuous gray line). Note also that the scanning infrared photorefractor generated large and variable standard deviations far out in the nasal visual field beyond 40°.
compared to humans as accommodation could also be elicited by targets presented far out in the periphery. In humans, accommodation is largely driven by the fovea . To find out whether the cornea might be responsible for the lack of oblique astigmatism, we compared corneal contours in chicks and humans. However, scaled corneal shapes were very similar, and human cornea was even closer to a calculated refracting surface that generated a minimum of oblique astigmatism. We tried to detect astigmatism in transscleral images but there was no difference with and without astigmatism imposed by astigmatic trial lenses of ±6/0D power. Instead, we found that retinal image magnification decreases in horizontal direction but not in vertical direction, a feature that might relate to an optical design of the chicken crystalline lens to avoid peripheral astigmatism. However, it is also possible that the aspherical cornea contributes to this magnification effect since different corneal areas contribute to image formation for far peripheral angles.
Developmental decline of astigmatism in chicken eyes and possible relation to emmetropization
With-the-rule-astigmatism of about 2D soon after hatching was described in chicken eyes (Kisilak et al., 2006; Schmid & Wildsoet, 1997a; Thibos, Wheeler, & Horner, 1997) . Others describe that chicks hatch with astigmatism either with-the-rule (Schaeffel et al., 1994) or against-the-rule, depending on strain (Schmid & Fig. 5 . Corneal contours as measured directly in photographs taken from above in chickens (black line) and from below in humans (gray line). Data from chicks were scaled to human axial length by multiplication with the factor 9.3/24, the ratio of the axial lengths. The original diameter of the chicken cornea was 7.5 mm. Data extracted from the photographs of the corneal contours were fitted with second order polynomials. The dashed gray line shows the result of a simulation in ZEMAX to determine a surface that generates least oblique astigmatism for oblique rays passing through the pupil center. Surprisingly, the human corneal contour is even closer to optimal corneal shape than the chicken cornea. Note that the ordinate is magnified by a factor 4, compared to the abscissa, to make curvature differences more obvious. Shaded areas represent standard deviations as in Fig. 4 . Fig. 6 . Optomotor gain (angular head speed divided by angular stripe speed) of two chickens (black and gray columns) under three different testing conditions (1) only peripheral retina stimulated (beyond 67°), (2) only central retina stimulated (the central 67°), (3) full field vision (wearing full field clear plastic foils). Note that the gains were not different. Stimulation was binocular and stimulation areas were matched to exclude that differences may trace back to summation of signals over differently large retinal areas. However, even with full field stimulation, gains did not increase any further. Error bars denote standard deviations from 6 to 53 analyzed smooth pursuit sequences. Wildsoet, 1997b) . There is a large variability in astigmatism after hatching in chicks and the astigmatism is reduced with age (Schaeffel et al., 1994; Tian & Wildsoet, 2006) until it is stable at the age of three weeks (Schmid & Wildsoet, 1997b ). The current study shows it to decline to about 0.3D at the age of 43 days. The rapid developmental reduction of astigmatism makes it unlikely that it provides an important cue for emmetropization. At the age of 43 days, chicken eyes are still in their rapid growth phase . Note the increase in brightness in the lower part of the pupil, indicating that the refraction is myopic (white arrow). (B) Chicken with infrared filter in front of the eye (here seen as black) that was attached to a clear foil. In this case, vision was possible only in the far periphery beyond about 60°off-axis. Infrared photorefraction could still be performed on-axis through the IR filter. (C-E) Accommodation elicited by a target presented from far behind, so that the chickens could see it only through the slit between infrared filter and the Velcro fastener (small white arrow). In (C), refractions were also taken from behind but in (D) and (E) they were taken more closely to the optical axis though the infrared filter attached to the clear foil. Even though the light crescent in the lower pupil appears attenuated due to the infrared filter, its height is comparable in all cases, indicating a similar amount of accommodation as in (A). Fig. 8 . Retinal image magnification in two eyes of two 21 day old chickens over the horizontal visual field, as measured by transscleral images in the horizontal (top) and vertical direction (bottom). Note that image magnification declined in the periphery only in the horizontal direction. Data were collected without lenses (filled squares) and with astigmatic lenses (0/±6D) in different orientations (other symbols) placed in front of the eyes. Astigmatic lenses had no detectable effect on image magnification. (Iribarren et al., 2014; but no significant astigmatism is present on-axis to provide the information on the sign of defocus for emmetropization and oblique astigmatism is also lacking. However, it cannot be concluded from the lack of oblique astigmatism that the eye cannot detect it. It would be important to know whether there is any visually-driven mechanism for its active compensation during development.
Comparison of corneal shapes in humans and chicks
Since the cornea makes up the major part of the eyes optical power, it was expected that the chickens' corneal shape may also be optimized to compensate for oblique astigmatism. However, we found that human and chicken cornea did not differ in shape which excludes that the lack of astigmatism in the chick eye is due to the cornea. The resolution of the contour tracing procedure of the cornea surface (Fig. 1) was limited by pixel size. In chickens, the standard deviations over all measurements in single eyes were 0.040 ± 0.014 mm and for humans 0.030 ± 0.015 mm. Assuming a spherical corneal surface, the standard deviation can be used for the radius of curvature and converted into a standard deviation for dioptric power. It was ±0.32D in the chicken and ±0.20D in humans. Therefore, the procedure should have resolved potential differences in corneal shape between chickens and humans that could have accounted for the lack of peripheral astigmatism. Since neither chicken nor human corneas deviate significantly from an optimal refracting surface that generates minimal oblique astigmatism, the crystalline lens must be responsible for the difference in oblique astigmatism between two species. 4.3. Can the optomotor experiment resolve the drop in spatial visual performance that is expected from oblique astigmatism?
Since the effects of oblique astigmatism on the retinal image contrast of vertical stripe patterns may be small, the question arises as to whether the OKN experiment can resolve them. Assuming that eyes suffer from oblique astigmatism, vertical stripes would be imaged in the horizontal peripheral visual field with lower contrast. The expected drop in contrast can be calculated from the modulation transfer function for a defocused optical system (the first Bessel function). A stripe pattern of 0.86 cyc/deg, imaged with 5D of defocus and a pupil size of 3 mm, is reduced in contrast by about 40%. Diether and Schaeffel (1999) found that a decrease in contrast sensitivity by 30% can already be clearly resolved in the automated OKN experiment since it reduces the gain by 0.15. Although the standard deviations in our experiment (Fig. 6 ) ranged from 0.15 to 0.3, the number of experiments was large enough to resolve visual effects of 4D of astigmatism.
Accommodation elicited by peripheral visual targets
In humans, accommodation is largely controlled by foveal input and defocus imposed in the periphery has no effect on accommodation as long as the fovea receives input (Schaeffel, Schippert, & Schmucker, 2006) . Only when the fovea is occluded, small effects of myopic defocus in the periphery were detected. In humans, visual acuity declines to 10% only 10°away from the fovea (Oyster, 1999) . Possibly, the low visual acuity makes accommodation to peripheral targets unnecessary although it has been shown (Rosen, Lundstrom, & Unsbo, 2011 ) that peripheral visual acuity can be enhanced by optimizing optical correction, even if the defocus is only one diopter. However, the highly variable refraction profile in the periphery of human eyes (Tabernero & Schaeffel, 2009 ) excludes that all retinal areas can be optimally focused by accommodation at the same time. Perhaps for this reason, human accommodation has preferential input from the fovea. This is different in chicks. It is known that their retinal ganglion cell density declines only little in the periphery (Ehrlich, 1981) , suggesting that the spatial resolution remains more similar to the center and the periphery. Uhlrich, Blough, and Blough (1982) measured grating acuity across the visual field in pigeons by electric shocks paired with the appearance of sine wave gratings and recording heart rate, and found that it was 5-7 cyc/deg in on-axis, did not change in the temporal visual field at 35°but declined to about 4 cyc/deg at 55°. At 45°in the nasal visual field, it also declined to about 4 cyc/deg which was partially attributed to myopia in the frontal visual field. Chickens have a good spatial resolution of 7 cyc/deg in the center (Diedrich & Schaeffel, 2009; Schmid & Wildsoet, 1998) and apparently similar performance in the periphery. The current study shows for the first time that accommodation can be elicited in chicks with a target presented outside the central 67°of the visual field, at least when the central 67°were covered. Eye movements cannot explain the observation since their typical amplitude is below 20° (Burns & Wallman, 1981) . Related to the high spatial resolution in the periphery, the lack of oblique astigmatism appears to be a useful optical feature.
Can peripheral transscleral images resolve oblique astigmatism?
Due to scatter in the fundal layers, the transscleral images are considerably broadened when compared to the focused images in the photoreceptor plane. The question is whether effects of, for instance, 6D of astigmatism can be seen at all. Calculated from the angular extent of the infrared LEDs in the visual field and a posterior nodal distance of the eye of 5.8 mm, the images of the LEDs in the photoreceptor layer were about 58 lm in diameter. With 6D of defocus and a pupil diameter of 3 mm, the point spread function becomes a disc with a diameter of 103 lm, about twice the diameter of the image of the focused LED. While astigmatic defocus would have been clearly visible in the plane of the photoreceptors, scatter in the fundal layers broadened transscleral images of the LEDs to a diameter of 244.1 ± 18.6 lm. A further increase by 103 lm with the astigmatic lenses in front of the eye should have been visible but was not observed (Fig. 8) . A possible explanation is that scatter in the retina and the underlying fundal layers was inhomogeneous, emphasizing central rays.
The perhaps most striking finding in this experiment was the different retinal image magnification in the horizontal and the vertical direction that was observed in the far periphery. This effect was very consistent, no matter whether the eye was measured with various astigmatic trial lenses in front of the cornea or without. We are not aware of comparable data in human or any other vertebrate eyes but it is possible that the non-homogenous magnification is an immediate consequence of the optics that avoids oblique astigmatism. Further simulations in ZEMAX are necessary to clarify this topic.
Conclusions
In contrast to humans, chickens display no oblique astigmatism along the horizontal visual field. They also show comparable visual performance in an OKN experiment when only the central 67°of the visual field are stimulated versus when only the periphery is stimulated. Accommodation can be elicited by targets far out in the visual field even if the central visual field is covered. Transscleral images also show no oblique astigmatism. Only image magnification becomes inhomogeneous far out in the periphery which may be a consequence of the special optical design of the crystalline lens to avoid oblique astigmatism. The optical design of the chicken lens may be of interest to technical lens designers but further work is necessary to uncover the underlying optical tactic(s).
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